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(57)	 ABSTRACT

An electric propulsion device is disclosed having an anode
and a cathode. The propulsion device includes a discharge
annulus having the anode adjacent an end region thereof. At
least one inlet aperture is adjacent the anode, the aperture(s)
having propellant gas flow therethrough into the discharge
annulus. The propellant gas has an ionization potential.
Opposed, dielectric walls define the annulus, with at least one
of the opposed dielectric walls having pores therein, the pores
having cooling gas flow therethrough into the discharge annu-
lus and substantially adjacent the opposed dielectric wall(s).
The cooling gas has an ionization potential higher than the
ionization energy of the propellant gas. The cooling gas is
adapted to substantially prevent at least one of secondary

electron emission and sputtering of the dielectric walls.

25 Claims, 3 Drawing Sheets
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ELECTRIC PROPULSION DEVICE FOR	 Thus, it would be desirable to provide a high efficiency and
HIGH POWER APPLICATIONS

	

	 long lifetime electric propulsion device which advanta-
geously reduces the potential for device wall erosion.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

	 5	 SUMMARY

This invention was made in the course of research partially
supported by a grant from the National Aeronautics and
Space Administration (NASA), Grant Numbers NAG3-2520
and NAG3-2638. The U.S. government has certain rights in
the invention.

BACKGROUND

The present disclosure relates generally to electric propul-
sion devices, and more particularly to such devices having
improved efficiency and longer lifetimes.

There is an interest in efficient, high power space propul-
sion engines. Hall Effect Thrusters (HETs) produce thrust by
ejecting ionized matter and are popular in orbit maneuvering
and attitude control of many low earth orbit (LEO) and geo-
synchronous earth orbit (GEO) satellites.

Currently known HETs offer specific impulses over 2400 s,
thrust over I N, and power exceeding 50 kW at efficiencies
close to 60%. However, the commercial exploitation of Hall
thrusters imposes a stringent constraint of trouble-free opera-
tion for more than 8000 hours.

The walls of the discharge chamber of a stationary plasma
thruster (SPT) are commonly made of composite ceramic
materials, for example, boron nitride, silicate oxide, and/or
the like. Among many potential reasons limiting the effi-
ciency and lifetime of a Hall thruster, an important reason is
the wear of the surface layer of the discharge chamber walls.
The wall erosion of the thruster occurs primarily due to
plasma-wall interactions. If the ion impact energy is suffi-
ciently large, the impact ions may cause relatively severe,
undesirable sputtering of the discharge walls, the anode, and/
or the hollow cathode walls. These surfaces may then develop
non-uniformities (e.g. asperities) due to the sputtering, as
well as to re-deposition, cracking, etc. Further, sputtered
material may, in some instances, contaminate the plasma and
potentially the spacecraft surface. This may significantly
affect the performance of the HET, and may potentially affect
the working parameter optimization.

Although the lifetime issues are important to its design and
potentially critical for long duration mission applications,
many physical aspects in thruster plasma are yet to be under-
stood. The lifetime of an on-board Hall thruster is expected to
exceed several thousand hours. This complicates the experi-
mental investigation and numerical prediction of the wall
wear as several parameters come into play during the opera-
tional lifetime of the thruster. This generally results in a lack
of reliable data on the sputtering yield under operational
conditions.

In choosing a thruster size, one generally balances effi-
ciency against thruster lifetime. High-energy plasma in exist-
ing technology tends to adversely interact with the walls of
the thruster, as stated above. Despite significant numerical
and theoretical advances of the recent past, scientists lack an
adequate design to operate the Hall thruster at high power for
long duration missions.

An electric propulsion device is disclosed having an anode
and a cathode. The propulsion device includes a discharge
annulus having the anode adjacent an end region thereof. At

to least one inlet aperture is adjacent the anode, the aperture(s)
having propellant gas flow therethrough into the discharge
annulus. The propellant gas has an ionization potential.
Opposed, dielectric walls define the annulus, with at least one
of the opposed dielectric walls having pores therein, the pores

15 having cooling gas flow therethrough into the discharge annu-
lus and substantially adjacent the opposed dielectric wall(s).
The cooling gas has an ionization potential higher than the
ionization energy of the propellant gas. The cooling gas is
adapted to substantially prevent at least one of secondary

20 electron emission and sputtering of the dielectric walls.

BRIEF DESCRIPTION OF THE DRAWINGS

Objects, features and advantages of embodiments of the
25 present disclosure will become apparent by reference to the

following detailed description and drawings, in which like
reference numerals correspond to similar, though not neces-
sarily identical components. For the sake of brevity, reference
numerals having a previously described function may not

30 necessarily be described in connection with subsequent draw-
ings in which they appear.

FIG. 1 is a semi-schematic end view of an embodiment of
the present disclosure for use in a Hall effect thruster (HET);

FIG.2 is a semi-schematic, cross-sectional side view of the
35 embodiment shown in FIG. 1;

FIG. 3 is a schematic view showing a representation of the
thruster plasma in the discharge annulus; and

FIG. 4 is a semi-schematic, cross-sectional side view of an

40 alternate embodiment of the present disclosure for use in an
arcjet thruster or magnetoplasmadynamic (MPD) thruster.

DETAILED DESCRIPTION

45 Ithas been unexpectedly andfortuitously discoveredbythe
present inventor that cooling gas having a predetermined
ionization potential and introduced through dielectric wall(s)
of a HET; or cathode tip and dielectric casing of an MPD/
arcjet electric propulsion device advantageously substan-

50 tially thermally insulates the wall(s), thereby substantially
preventing secondary electron emission (SEE) and/or shield-
ing the wall(s) from undesirable sputtering losses. As such,
embodiments of the present disclosure may substantially
directly improve the efficiency and lifetime of an electric

55 propulsion device for high power, high specific impulse
applications.

Referring now to FIGS. 1 and 2 together, an electric pro-
pulsion device/thruster according to the present disclosure is
designated generally as 10. Propulsion device 10 has an

6o anode 12 and a cathode 14. The propulsion device 10 further
includes a discharge annulus/closed drift 16 having the anode
12 adjacent an end/acceleration region 17 thereof. As shown
in FIG. 3, the cathode 14 may also be angularly offset from the
discharge annulus 16. Having cathode 14 angularly offset

65 from annulus 16 may advantageously reduce electron path
resistance; this may be quite useful at low voltages, and may
also be beneficial at high voltages.
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	At least one inlet aperture 18 is adjacent the anode 12. In an

	
The cooling gas flow is shown schematically by the curved

embodiment, apertures) 18 extend through the anode 12. In 	 arrows in FIG. 2 inside annulus 16. Without being bound to
a further embodiment, a plurality of apertures 18 extends	 any theory, it is believed that the neutral cooling gas advan-
through the anode 12. Aperture(s) 18 are adapted to have	 tageously substantially prevents secondary electron emission
propellant gas flow therethrough into the discharge annulus 5 and/or sputtering of the dielectric walls 20, 22 by substan-
16 (the propellant gas is schematically depicted in FIG. 2 at

	
tially isolating the ionized propellant gas from the opposed

the large, hollow arrow inside annulus 16), the propellant gas
	

dielectric walls 20, 22.
having an ionization potential (Ei, eV). Opposed, concentric

	
In an embodiment, the cooling gas has a first ionization

dielectric walls 20, 22 (e.g. inner dielectric wall 20 and outer 	 potential (Eil) higher than the first ionization potential (Eil)
dielectric wall 22) define the annulus 16. At least one of the to of the propellant gas. In an alternate embodiment, the first
opposed dielectric walls 20, 22 has pores 24, 26 therein. In an

	
ionization potential (Eil) of the cooling gas is much higher

embodiment, and as shown in FIGS.1 and 2, both walls 20,22
	

than the first ionization potential (Ei 1) of the propellant gas.
are porous, with pores 24 defined in inner dielectric wall 20, 	 As defined herein, the term "higher" means the Eil of the
and pores 26 defined in outer dielectric wall 22. The pores 24, 	 cooling gas ranges from above the Eil of the propellant gas to
26 may be of varying sizes depending on the desired design 15 about 60% of the energy between the first and second ioniza-
and/or particular application. When the dielectric wall(s) 20,	 tion potential of the propellant gas; and the term "much
22 are porous, the coolant gas may seep out from the plenums

	
higher" means the Eil of the cooling gas is generally above

34, 36. This may advantageously reduce the need for manu-	 about 60% of the energy between the first and second ioniza-
facturing of coolant throughbores in the walls 20, 22. 	 tion potential of the propellant gas. In another alternate

In an alternate embodiment, the pores 24, 26 may be 20 embodiment, the first ionization potential (Ei 1) of the cooling
throughbores (as schematically represented in FIG. 1)

	
gas is higher than the second ionization potential (Ei2) of the

defined in one or both dielectric walls 20, 22. It is to be 	 propellant gas. Without being bound to any theory, it is
understood that the throughbores may be formed in any suit-	 believed that having the first ionization potential of the cool-
able manner (e.g. by drilling and/or the like) and have any

	
ing gas higher or much higher than the first (Eil), or higher

suitable size, shape and/or configuration. In an embodiment, 25 than the second ionization potential (Ei2) of the propellant
the throughbores/pores 24, 26 may be angled (schematically 	 gas aids in insuring substantially no significant change in the
shown in FIG. 2) substantially toward an exit plane P of the

	
ionization characteristic of the thruster 10. In some alternate

discharge annulus 16 in a manner sufficient to direct the	 embodiments, the first ionization potential of the cooling gas
cooling gas substantially toward the exit plane P. In a further 	 may in some instances be higher than the third ionization
embodiment, the throughbores 24, 26 may be sized such that 30 potential of the propellant gas.
the center-to-center spacing of the throughbores 24, 26 is at

	
As such, without being bound to any theory, it is believed

least about ten times greater than the diameter of the through- 	 that the use of cooling gas with a higher ionization threshold
bores.	 substantially avoids undesirable modification of the electro-

	

Some of the throughbores 24, 26 may be disposed in an 	 magnetic propulsion characteristics of the electric propulsion
acceleration region 17 of the discharge annulus 16 near the 35 device 10,10', for example, a HET, while substantially reduc-
anode 12, and some others of the throughbores 24, 26 may be

	
ing energy loss due to erosion of the walls 20, 22 (or the tip of

disposed from the acceleration region 17 toward the exit plane 	 the cathode 14 and guide cone/dielectric casing 48 as in the
P of the discharge annulus 16. 	 embodiment of device 10' in FIG. 4). Further in the case of

	

Plenums 34, 36 (best seen in FIG. 1), for example, may be
	

HET devices 10, the cooling gas may thermally insulate the
adapted to transfer/temporarily contain coolant gas from a 4o HET dielectric surface(s) 20, 22 (but it does not insulate the
suitable storage reservoir (not shown) to pores/throughbores 	 cathode 14 in the case of HETs, as such insulation may
24, 26 in dielectric walls 20, 22, respectively. It is to be 	 undesirably affect the electrical performance of the HET 10),
understood that other suitable mechanism(s) may be used to	 and thus not substantially affect the electrical characteristics
introduce the cooling gas into the desired area (i.e. adjacent	 of the HET 10 while improving the lifetime of the thruster 10.
the wall(s) 20, 22 of annulus 16 or adjacent tip of cathode 14 45	 It is to be understood that the cooling gas according to
and dielectric casing 48 (FIG. 4)). One non-limitative	 embodiment(s) herein does not manipulate ionization of the
example of such a mechanism includes a j etting device(s) (not 	 propellant gas, but rather isolates the hot propellant gas from
shown) operatively disposed in one or more throughbores 24, 	 the dielectric wall(s) 20, 22, or from the tip of cathode 14
26 or 50, 52 for introducing cooling gas into the desired area.	 and/or dielectric casing 48 (see FIG. 4). It is not anticipated

It is to be understood that walls 20, 22 (as well as guide 50 that a significant number of charged droplets (if any) of pro-
cone/dielectric casing 48 discussed in reference to FIG. 4, 	 pellant gas will be formed.
below) may be made of any suitable material; however, in an

	
Some suitable examples of propellant/coolant pairs

embodiment, walls 20, 22 are formed from boron nitride,	 according to the present disclosure are as follows. Some
silicate oxide, alumina, silicon carbide, graphite, combina- 	 non-limitative suitable Propellant/Coolant pairs, such as
tions thereof, and/or the like. 	 55 H/He, H/Ne or B/He, have substantially similar molecular

	

The pores 24, 26 are adapted to have cooling gas flow	 weights, andthe coolant Eil is greaterthan thepropellant M.
therethrough into the discharge annulus 16 and substantially

	
For other suitable Propellant/Coolant pairs listed in Table 1

adjacent one or both of the opposed dielectric walls 20, 22. 	 below, the coolant Eil is much greater than thepropellant Eil.

TABLE 1

Atomic weight	 Fit: First	 Ei2: Second	 ED: Third Possible
Material	 kg/kmole	 Ionization	 Ionization	 Ionization Coolants

	

Bismuth (Bi)	 208.98038	 7.3 eV	 16.7 eV	 25.6 eV Rn, I, N, He,
Ne
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TABLE 1-continued

Material
Atomic weight

kg/kmole
Fit: First
Ionization

Ei2: Second
Ionization

ED: Third	 Possible
Ionization	 Coolants

Iodine (I) 126.90447 10.451 eV 19.131 eV 33 eV He, Ne, F, Ar
Krypton (Kr) 83.8 13.999 eV 24.359 eV 36.95 eV He, Ne
Neon (Ne) 20.1797 21.564 eV 40.962 eV 63.45 eV He
Nitrogen (N) 28.0134 14.5 eV 29.6 eV 47.4 eV He, Ne
Hydrogen 1.00794 13.598 eV He, F, Ne
(H)
Xenon (Xe) 131.29 12.1 eV 21.2 eV 32.1 eV He, Ne, F
Helium (He) 4.002602 24.587 eV 54.416 eV
Argon (At) 39.948 15.759 eV 27.629 eV 40.74 eV He, Ne
Fluorine (F) 18.9984032 17.422 eV 34.97 eV 62.707 eV He, Ne
Boron (B) 10.811 8.298 eV 25.154 eV 37.93 eV N, He, Ne, F
Oxygen (0) 15.9994 13.618 eV 35.117 eV 54.934 eV He, Ne
Radon (Rn) 222 10.748 eV He, Ne, F

FIG. 3 is a schematic view showing a representation of the
thruster plasma 38 in the discharge annulus 16. The thruster
plasma 38 may be partially ionized gas, including electrons
(e), ions (i) and neutral propellant gas particles (n). In such
partially ionized plasma 38, elastic and inelastic processes
may take place substantially simultaneously. The elastic col-
lision involves exchange of momentum and energy between
colliding particles; whereas inelastic processes like ioniza-
tion, recombination, charge-exchange collision, plasma-wall
interaction, secondary emission, sputtering, and the like may
be responsible for redistributing the electron number density
of the particles along with its momentum and energy. It is to
be understood that not all of the above-mentioned processes
are equally probable.

It is to be understood that the gases may be of any molecu-
lar weight; however, a higher molecular weight propellant gas
results in higher thrust. It is to be understood that each of the
molecular weights of the propellant gas and the cooling gas
may range between about 2 kg/kmole and about 210
kg/kmole. In one embodiment, the cooling gas has a molecu-
lar weight substantially similar to the molecular weight of the
propellant gas.

Upon exposure to the electric field in the discharge annulus
16, the propellant gas becomes a hot, at least partially ionized
propellant gas exhibiting a temperature ranging between
about 6.6 electron volts (eV) and about 29.1 eV (1 eV=11,
600K-11,300 Celsius). The ions generally bend towards the
wall(s) 20, 22, thereby causing erosion/sputtering. Such ero-
sion/sputtering is substantially and advantageously pre-
vented, if not eliminated with the present disclosure. Further,
the temperature of the hot ionized propellant gas/electrons
generally rises the closer the gas gets to one of the opposed
dielectric wall(s) 20, 22. For example, at about 0.05 m from a
wall 20, 22, the temperature of the ionized gas/electrons is
generally at the upper range of the temperature range recited
above, for example, between about 15 eV and about 29 eV.

In an embodiment, the cooling gas is a neutral cooling gas
having a temperature lower than the propellant gas tempera-
ture at the inlet aperture(s) 18. In an embodiment, the tem-
perature of the cooling gas is less than about 200K. In an
alternate embodiment, the temperature of the cooling gas may
be up to about 500K. Without being bound to any theory, it is
believed that the cooling gas forms a quasi-film to substan-
tially protect the walls 20,22 from the high energy mentioned
above (e.g. temperatures of the ionized gas/electrons ranging
between about 15 eV and about 29 eV). As such, according to
the embodiments of FIGS. 1-3, hot, at least partially ionized
gas flows through the discharge annulus 16 and is substan-

tially enveloped by a substantially cold (as defined herein)
20 neutral, cooling gas both at its outer 22 and inner 20 periph-

ery.
It has been found that the erosion of the inner surfaces

(forming annulus 16) of wall(s) 20, 22 may take place due to
ion bombardment (classical erosion), as well as due to near

25 wall electric fields (anomalous erosion). Whereas ion bom-
bardment may give rise to small-scale prominences mostly
across the incident ions, the "anomalous erosion" generally
has a wavelike characteristic with a particular wavelength that

30 shows the anomalous erosion is generally caused by sputter-
ing due to electrons.

The wall temperature of Hall effect thruster (HET) 10
components during operation has been measured over about
1000 Kelvin. The ionized particles inside the thruster 10 may

35 reach temperatures over tens of thousands Kelvin.
When electric propulsion device 10 is a Hall Effect

Thruster (HET) or a magnetoplasmadynamic (MPD) thruster,
the device 10 may further include an electromagnet (for
example, inner magnet 28 and outer magnet 28') operatively

40 
disposed in the device 10 such that a magnetic field generated
thereby is substantially normal to a center axis (for clarity, a
line designating a center axis of annulus 16 is not shown;
however, the arrow under "ions" in FIG. 2 may additionally

45 be representative of such a center axis) of the discharge annu-
lus 16. Referring now to FIG. 3, in an embodiment, the
magnetic field has its peak magnitude substantially adjacent
an exit plane P of the discharge annulus 16. This is demon-
strated with the line B,, designating the radial component of

50 
the magnetic field strength. The magnetic flux lines B are
shown within annulus 16 in FIG. 2.

Electromagnetic coils 30, 32 are operatively disposed adja-
cent dielectric walls 20, 22, respectively. As best seen in FIG.
1, a gap 40 may be defined between cathode 14 and electro-

55 magnet 28'. As best seen in FIG. 2, a power supply 42 is
operatively connected to the electrodes 12, 14; and a power
supply 44 is operatively connected to the electromagnets 28,
28' (specifically, to the coils 30, 32 of the electromagnets 28,
28') to maintain the magnetic field. In an embodiment, the

60 magnetic field ranges from a few hundred Gauss to a fraction
of a Tesla.

In an embodiment, the viscosity of the cooling gas is
greater than or equal to the viscosity of the propellant gas. In
another embodiment, the viscosity of the cooling gas may be

65 less than the viscosity of the propellant gas. For higher vis-
cosity coolants, more power may be lost to shear; while for
lower viscosity coolants, more cooling gas may be needed to
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13. The electric propulsion device according to claim 12,
wherein some of the throughbores are disposed in an accel-
eration region of the discharge annulus near the anode, and
some others of the throughbores are disposed from the accel-
eration region toward the exit plane of the discharge annulus.

14. The electric propulsion device according to claim 1,
wherein the cooling gas substantially thermally insulates the
at least one of the first and second, dielectric walls.

15. The electric propulsion device according to claim 1,
wherein the device has a power requirement ranging from
about 1 kW to about 200 kW.

16. The electric propulsion device according to claim 1,
wherein the device has a specific impulse ranging from about
2000 seconds to about 10000 seconds.

17. The electric propulsion device according to claim 1,
wherein the at least one aperture extends through the anode.

18. The electric propulsion device according to claim 1,
wherein there is a plurality of apertures extending through the
anode.

19. The electric propulsion device according to claim 1,
wherein the propellant gas has a temperature and becomes an
ionized propellant gas in the discharge annulus; and wherein
the cooling gas is a neutral cooling gas having a temperature
lower than the propellant gas temperature at the at least one
inlet aperture.

20. The electric propulsion device according to claim 19,
wherein the neutral cooling gas substantially isolates the ion-
ized propellant gas from the first and second dielectric walls.

21. The electric propulsion device according to claim 1,
wherein the cooling gas has a substantially constant flow rate.

22. The electric propulsion device according to claim 1,
further comprising means, in communication with the pores
in the at least one of the first and second dielectric walls, for
metering cooling gas flow based upon ion current at the first
and second dielectric walls.

23. A Hall Effect Thruster (HET) electric propulsion
device comprising: an anode and a cathode; a discharge annu-
lus having the anode adjacent an end region thereof; at least
one inlet aperture adjacent the anode, the at least one inlet
aperture having propellant gas flow therethrough into the
discharge annulus, the propellant gas having a first ionization

10
potential; an inner dielectric wall and an outer dielectric wall,
wherein the inner and outer walls are concentric, wherein the
discharge annulus is between the inner and outer walls, at
least one of the first and second dielectric walls having pores

5 therein, the pores having cooling gas flow therethrough into
the discharge annulus and substantially adjacent the at least
one of the first and second dielectric walls, the cooling gas
having a first ionization potential higher than the first ioniza-
tion potential of the propellant gas, the cooling gas adapted to

io substantially prevent at least one of secondary electron emis-
sion and sputtering of the dielectric walls, wherein the cool-
ing gas substantially thermally insulates the at least one of the
first and second dielectric walls; and an electromagnet opera-
tively disposed in the device such that a magnetic field gen-

ii erated thereby is substantially normal to a center axis of the
discharge annulus, the magnetic field having its peak magni-
tude substantially adjacent an exit plane of the discharge
annulus.

24. An electric propulsion device comprising:
20 an anode and a cathode; a discharge annulus having the

anode adjacent an end region thereof; at least one inlet
aperture adjacent the anode, the at least one inlet aper-
ture adapted to have propellant gas flow therethrough
into the discharge annulus, the propellant gas having a

25 first ionization potential; and an inner dielectric wall and
an outer dielectric wall, wherein the inner and outer
walls are concentric, wherein the discharge annulus is
between the inner and outer walls, at least one of the first
and second dielectric walls having pores therein, the

30 pores adapted to have cooling gas flow therethrough into
the discharge annulus and substantially adjacent the at
least one of the first and second dielectric walls, the
cooling gas having a first ionization potential higher
than the first ionization potential of the propellant gas,

35 the cooling gas adapted to substantially prevent at least
one of secondary electron emission and sputtering of the
at last one of the first and second dielectric walls.

25. The electric propulsion device according to claim 3,
wherein the device is a magnetoplasmadynamic (MPD)

40 thruster.
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